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Abstract 16 
Measuring gaseous and particulate emissions from livestock houses has been the subject 17 
of intensive research over the past two decades. Currently, there is general agreement 18 
regarding appropriate methods to measure emissions from mechanically ventilated 19 
buildings. However, measuring emissions from naturally ventilated buildings remains 20 
an elusive target primarily because there is no reference method for measuring building 21 
ventilation rate. Ventilation rates and thus building emissions estimates for naturally 22 
ventilated buildings are likely to contain greater errors compared with those from 23 
mechanically ventilated buildings. This work reviews the origin and magnitude of errors 24 
associated with emissions from naturally ventilated buildings as compared to those 25 
typically found in mechanical ventilation. Firstly, some general concepts of error 26 
analysis are detailed. Then, typical errors found in the literature for each measurement 27 
technique are reviewed, and potential sources of relevant systematic and random errors 28 
are identified. The emission standard uncertainty in mechanical ventilation is at best 29 
10% or more of the measured value, whereas in natural ventilation it may be 30 
considerably higher and there may also be significant unquantifiable biases. A reference 31 
method is necessary to obtain accurate emissions estimates, and for naturally ventilated 32 
structures this suggests the need for a new means of ventilation measurement. The 33 
results obtained from the analysis of information in this review will be helpful to 34 
establish research priorities, and to optimize research efforts in terms of quality of 35 
emission measurements. 36 
Keywords: error analysis, gas emissions, livestock housing, random error, 37 
systematic error, uncertainty 38 
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1. Introduction 40 
When the result of a measurement is reported, the quality of that result should also be 41 
reported to provide an idea of its reliability. This is crucial for two reasons: on the one 42 
hand, scientists and engineers can understand and make better use of the results of a 43 
study; on the other hand, policy makers must understand the credibility of the data in 44 
order to make sound policy decisions. For example, reporting uncertainty is a key aspect 45 
in the methodology for the elaboration of greenhouse gas emissions inventories 46 
established by the Intergovernmental Panel on Climate Change (IPCC, 2001).  47 
Measuring gaseous and particulate emissions from livestock buildings, particularly 48 
under commercial conditions, is a challenging task which is subjected to different 49 
uncertainty sources. This lack of certainty about emission estimates may be attributed to 50 
three main causes (EPA, 1996). The first cause is the inherent spatial and temporal 51 
variability in the processes which produce the emissions. These are influenced by 52 
environmental conditions in a complex way, resulting in a form of sampling 53 
uncertainty. Secondly, the measurement instruments themselves have an associated 54 
uncertainty in their results. Finally, if simplifications and assumptions are made, these 55 
may have associated uncertainties (e.g. assuming a steady state condition inside the 56 
building involves neglecting the accumulation or deposition process inside the 57 
building). 58 
In general terms, to calculate an emission rate from a livestock building it is necessary 59 
to establish a mass balance in which ventilation rates and the difference between inlet 60 
and outlet concentrations are key measurements (Phillips et al., 1998). This process 61 
implies the occurrence of potentially significant errors of different origins, particularly 62 
in naturally ventilated buildings. These buildings are widely used in housing species 63 
such as cattle as well as housing other species in regions where they can provide 64 
effective ventilation with low energy consumption, or where electricity supply is 65 
unreliable or costly. In many cases, these buildings are completely open and some basic 66 
assumptions of the mass balance are not fulfilled (e.g. complete mixing of gases); 67 
further, determining the boundary conditions becomes unpractical. For example, 68 
openings can be both inlets and outlets, or change from inlet to outlet with shifting wind 69 
patterns and local topography. In these situations, the accuracy and precision of 70 
commonly used measurement methods is expected to be low, and therefore it is difficult 71 
to compare emissions from different housing or mitigation systems in such cases. 72 
In the literature, there is a wide heterogeneity of methodologies and terms used to refer 73 
to errors in research on livestock building emissions. For this reason, it becomes very 74 
complicated to analyse much of the information on errors reported in literature to date. 75 
To establish future measurement strategies and priorities it is necessary to review what 76 
is known about the nature and magnitude of these uncertainties and to identify which 77 
are the main sources of errors. Therefore, the main objective of this paper is to critically 78 
review the state-of-the-art of uncertainty analysis and assess future needs in this area. 79 
Firstly, general and uniform definitions on uncertainty analysis are introduced from the 80 
appropriate literature. Secondly, error analyses provided in published works are 81 
reviewed and discussed. Finally, research priorities to calculate and reduce uncertainties 82 
in livestock building emission measurements are analysed. 83 
2. Definitions 84 
To analyse the nature and magnitude of errors in a comprehensive way, it is necessary 85 
to define and unify concepts for common use in emissions measurements. Although the 86 
term “measurement error” is usually used to define discrepancies between what is being 87 
measured and the real value, this and other terms must be properly and consistently 88 
used. These concepts are defined by the International Organization for Standardization 89 
(ISO, 1995), and are discussed here. 90 
Uncertainty of measurement is a parameter that is associated with the result of that 91 
measurement. It characterizes the dispersion of the values that could reasonably be 92 
attributed to the quantity measured and thus has an inherent statistical basis. The 93 
parameter can be a standard deviation (standard uncertainty), or a confidence interval 94 
which is expected to encompass a certain fraction of the distribution of values 95 
(expanded uncertainty). Uncertainty can be obtained either directly by statistical 96 
analysis of a series of observations (Type A uncertainty) or by other means (Type B 97 
uncertainty) which can include expert judgement and calculated uncertainty using the 98 
law of propagation of uncertainty (combined standard uncertainty). 99 
Uncertainty and error are related concepts which must not be confused. An error is 100 
defined as the difference between an individual measurement result and the real (true) 101 
value which is being measured. Since the true value is an idealized concept, errors 102 
cannot be exactly known. According to their nature, three types of errors can be 103 
identified in a measurement (Ellison, Rosslein, & Williams, 2000). First, random errors 104 
arise from unpredictable variations of a quantity measured, and the statistical 105 
distribution of these errors determines the uncertainty value which is the precision with 106 
which the measurement is made. Second, systematic errors are defined as the difference 107 
between the averages obtained from a large number of replicated measurements of a 108 
given measurand and its (unknown) true value (ISO, 1995). These errors determine the 109 
accuracy of the measurement system and where possible should be corrected, as far as 110 
they are identified and quantified (e.g. via calibration). The third type includes spurious 111 
errors, which normally invalidate a measurement and typically arise through instrument 112 
malfunction or human failure. 113 
An error is an idealized concept related to a single measurement whereas uncertainty is 114 
a quantitative value that characterizes all the errors of a whole measurement system. 115 
Therefore, a measurement system may have a large numerical or percentage 116 
uncertainty, yet a particular measurement with that system may have a small error due 117 
to random chance. The expression “error analysis” can be used to describe studies to 118 
characterize the nature and magnitude of errors for a certain measurement, and to 119 
establish error apportionment among different error sources in order to improve the 120 
quality of measurements. 121 
Uncertainty is a statistical concept based on one or more error sources, and therefore an 122 
uncertainty analysis is useful to determine the magnitude and relevance of these sources 123 
(Ellison et al., 2000; JCGM, 2008). In this analysis all systematic errors must be 124 
identified and corrected, if possible, whereas random errors are identified, quantified 125 
and then propagated to obtain the emission uncertainty (Estellés, Calvet, Melse & 126 
Ogink, 2011; Gates, Casey, Xin, & Burns, 2009). Additionally, a sensitivity analysis 127 
provides a means to determine the relevance of different error sources in the overall 128 
error, and is thus  a powerful tool for identifying the crucial aspects to reduce overall 129 
uncertainty and/or measurement costs (Calvet, Estellés, Cambra-López, & Torres, 2010; 130 
Gates et al., 2009; Zhang, Pedersen, & Kai, 2010). 131 
Another aspect to be considered in the analysis of the nature and magnitude of 132 
measurement errors is the definition of the output variable that is investigated. The 133 
errors involved in an emission measurement over a short time basis on a specific 134 
livestock operation will be very different from errors connected to variables that include 135 
a much longer time basis and greater spatial variation. For example, when determining 136 
the mean yearly ammonia (NH3) emission of pig housing systems, Ogink, Mosquera & 137 
Melse (2008) showed that the main error sources arise from temporal and spatial 138 
sampling variation (i.e. seasonal effects and variation among the livestock operations 139 
studied due to different management regimes). Instrument errors of underlying single 140 
measurements in such measurement schemes may be of lesser importance if they can be 141 
substantiated by sufficient independent replications, and if they are not subject to 142 
systematic instrument errors. Both time and space bases have to be specified when 143 
discussing errors related to emission measurements. In the following section, the time 144 
and space basis of errors is, unless otherwise indicated, restricted to the smallest 145 
possible time and space variation, i.e. typically measuring emissions in a time interval 146 
of a few minutes in a representative outlet section. Furthermore in discussing the needs 147 
for improvement of measurement methods it is relevant to include definitions of 148 
required output variables and related designs of measurement schemes. 149 
3. Uncertainty in airborne emission measurements 150 
3.1. General overview 151 
Emissions of atmospheric pollutants from livestock buildings cannot be measured 152 
directly, thus to obtain the uncertainty of this output variable it is necessary to firstly 153 
assess the influence of the main involved parameters, which are gas concentrations and 154 
measurements used to determine ventilation flows (Gates, Casey, Xin, Wheeler, & 155 
Simmons, 2004; Gates et al., 2009; Calvet, Estellés et al., 2010). The product of these 156 
two parameters effectively determines the emission rate (neglecting adjustments for 157 
temperature and pressure). Therefore, according to the law of propagation of uncertainty 158 
for emission observations (ISO, 1995), the parameter with the higher associated 159 
uncertainty expressed in relative terms will be the one with greater impact on the 160 
combined standard uncertainty (relative). 161 
It is crucial to determine significant sources of random and systematic errors in order to 162 
identify potential research priorities. The identification of these sources is presented in 163 
Figure 1 for building measurements and in Figure 2 for chamber emission 164 
measurements. The distinction between random and systematic error sources is crucial, 165 
because those types of errors have different implications. Whereas random errors are 166 
identified by statistical means and can be reduced by replicated measurements, 167 
systematic errors can only be identified by comparing to a reference measurement (ISO, 168 
1995). This has critical implications for the measurement system since systematic errors 169 
lead to biased results independently from the number of replications. 170 
Methods for determining ventilation rates may differ considerably between naturally 171 
and mechanically ventilated buildings. Normally, errors of measured ventilation rates 172 
tend to be higher in naturally ventilated buildings, which may lead to higher errors of 173 
measured emissions (Phillips, Scholtens, Lee, Garland & Sneath, 2000). Additionally, 174 
simplifications and assumptions used when calculating the emissions may lead to 175 
additional errors. This simplification uncertainty can arise, for example, from defining a 176 
steady state balance for a dynamically changing situation of concentrations and 177 
ventilation rates, which may be of particular relevance in naturally ventilated buildings. 178 
Therefore, errors in these two types of housing systems have been reported separately. 179 
Errors from wind tunnel or flux chamber methods will be also reported in a separate 180 
section. 181 
3.2. Error sources in measured concentrations 182 
Techniques to measure NH3 concentration are well characterized in terms of precision 183 
(Table 1), but the variability of gas concentrations in buildings has been demonstrated 184 
(Moura, Carvalho, Souza, Naas & Souza, 2010; Miles, Rowe & Owens, 2008), and the 185 
incorrect selection of sampling positions may lead to errors in measured gas 186 
concentration from -50% to over 200% of the measured value (Lefcourt, 2002). The 187 
best position to determine gas concentrations for mass balances are the air outlets of the 188 
building. However, in naturally ventilated buildings inlet and outlet positions are 189 
critically dependent on meteorological conditions and local topography, and therefore 190 
the proper selection of inlets and outlets is not trivial. This is one of the reasons why 191 
measuring representative gas concentrations in very open naturally ventilated buildings 192 
is a real challenge for researchers. 193 
Even in mechanically ventilated buildings with many fans, gas concentrations and 194 
emission fluxes can be irregularly distributed. In these cases, sampling concentration 195 
errors should be specifically considered, because they can be comparable in relative 196 
terms to measured ventilation errors of measured forced ventilation rates (Calvet, 197 
Estellés et al., 2010; Moody et al., 2008).  198 
The gas sample transport to the analyser may also involve a systematic error 199 
considering the absorption of gases such as NH3 in different materials when long 200 
sampling lines and certain measuring devices are used (Shah, Grabow, & Westerman, 201 
2006; Rom & Zhang, 2010). Mukhtar et al. (2003) reported about 1 ppm reduction due 202 
to absorption in Teflon tubing, regardless of the magnitude of inlet concentration, 203 
temperature or length of tubing. This effect, however, can be minimized by selecting a 204 
proper sampling strategy and by establishing an adequate stabilization period before 205 
recording the concentration value (Gates, Xin, Casey, Liang & Wheeler, 2005; Moody 206 
et al., 2008). 207 
3.3. Error sources of mechanical ventilation measurements 208 
In mechanically ventilated buildings, errors associated with measuring ventilation rate 209 
are probably the most relevant error source of emission measurements. A summary of 210 
findings in recent research is discussed here. From the wide variety of measurement 211 
protocols (Table 2), perhaps the most accurate is the use of measuring fans (Berckmans, 212 
Vandenbroeck, & Goedseels, 1991; Demmers et al., 1999; Casey et al., 2002; Gates et 213 
al., 2004), which have standard uncertainty lower than 5%. A large number of 214 
commercial fans (about 800) were tested in Denmark in the years 1978 -2005. The 215 
measurements were carried out using a common test procedure between Germany, The 216 
Netherlands and Denmark, (DLG/IMAG-DLO/SjF, 1993; Pedersen & Strom, 1995). A 217 
cross-check of the accuracy was carried out in 1991 between the German test institution 218 
DLG, the Dutch IMAG-DLO and Research Centre Bygholm. A four-pole axial fan was 219 
circulated and performance tested in the range 0-40 Pa of negative pressure. The 220 
difference among measurements was about 2 %. Measuring error under laboratory 221 
conditions can be negligible compared to other uncertainties. However, the ventilation 222 
flow in practice is exposed to a variable pressure drop and undetermined dust 223 
accumulation, which can lead to relevant underestimations (Casey et al, 2008) if 224 
exposed measuring fans are not calibrated again after measurement campaigns. 225 
A similar measurement system allows measuring large, sidewall exhaust fans. It is 226 
based on first obtaining the in situ fan performance as a function of the pressure drop 227 
and then computing ventilation from measured building static pressure and the time of 228 
operation of each fan. This method also provides accurate results in farms with several 229 
single-speed fans. An example of this is the FANS-Fan Assessment Numeration System 230 
(Gates, Casey, Xin, Wheeler, & Simmons, 2004), which has been used extensively in 231 
the United States. This method provides a satisfactory calibration of fans, with a 3% 232 
standard uncertainty and less than 2% underestimation for disturbance of the 233 
measurement device (Casey, Ford, McClure, Zhang, & Gates, 2007). Apart from fan 234 
calibration, random error in this technique may arise from the determination of fan 235 
operational status (Moody et al., 2008) or flow profile changes induced during in-situ 236 
calibration of a given ventilation fan (Morello, 2011; Lopes, 2012). Ideally, 237 
determination of ventilation fan status should be more frequent than the minimum 238 
expected fan operation cycle, which may be as frequent as 30 s (Darr, Zhao, Ni, & 239 
Gecik, 2008). However, emissions tend to be greater when ventilation is higher (e.g. the 240 
second half of the cycle in broilers), and therefore less frequent measurements of fan 241 
status would not significantly increase the ventilation rate uncertainty (Calvet, Cambra-242 
López, Blanes-Vidal, Estellés & Torres, 2010; Gates, Casey, Wheeler, Xin & Pescatore, 243 
2008). 244 
Systematic error sources are well identified in this measurement technique and therefore 245 
they may be avoided by proper measurement protocols and fan maintenance (except 246 
perhaps for systems with sidewall fan performance degradation during long term 247 
studies). These biases arise from the flow reduction due to dust accumulation and 248 
ageing of mechanisms in the fan (Casey et al., 2008). This will undoubtedly lead to 249 
overestimation of measurement if manufacturer curves are used (by as much as 40%), 250 
and on-farm calibration of fans is therefore needed before and during the measurements. 251 
3.4. Error sources of natural ventilation measurements 252 
Measuring natural ventilation in livestock buildings is a challenging task, particularly in 253 
very open buildings. Therefore, several options have been developed to determine 254 
ventilation or emission rates in these types of buildings (Table 2), but until now there is 255 
no operational reference or standard technique. Thus, systematic errors are difficult to 256 
identify unless there is a reference to compare with. For this reason, it is often necessary 257 
to use mechanical ventilation as a reference to determine the reliability of these methods 258 
(Xin et al. 2009; Liang et al., 2006; Li et al., 2005). However, in most situations it is not 259 
possible to use mechanically ventilation as a reference for natural ventilated buildings. 260 
A crucial issue of all techniques currently used in these buildings is therefore that no 261 
reference method is available to validate the measured emissions and their uncertainties, 262 
and the fundamental knowledge is still scarce to develop such a reference method. 263 
Among the available techniques to measure ventilation in naturally ventilated buildings, 264 
the use of tracer gas is widely used, with gases of both natural origin (Xin et al., 2009; 265 
Pedersen et al., 1998; Blanes & Pedersen, 2005; Li et al, 2004; Liang et al., 2005)) and 266 
artificial origin (Demmers et al., 1999; Schrade, Keck, Zeyer, Emmenegger, & Hartung, 267 
2010). In both cases, thorough mixing of tracers with the air inside the building is 268 
important to improve the sampling accuracy. Although these techniques perform 269 
satisfactorily under well-controlled conditions, the assumption of complete mixing of 270 
tracers may be questionable in very open buildings. Under field conditions, the 271 
identification of inlets and outlets is crucial, because they may change according to 272 
meteorological conditions (Ikeguchi & Moriyama, 2010; Schrade et al., 2010). 273 
The uncertainty level of the tracer gas method is highly dependent on the distribution of 274 
the tracer gas, the number of measurement positions, the sampling locations for the 275 
measurements and the method used to handle the data for analysis. Different sampling 276 
locations for sensors may result in as much as 40% difference in the determination of 277 
the tracer concentration (Zhang et al., 2010), and therefore the proper selection of these 278 
locations is crucial. Furthermore, due to changing wind conditions, air outlets and inlets 279 
may change in short time periods. 280 
The release rate of the tracer can be an important error source. For artificial tracer gases, 281 
the use of critical orifices may result in very accurate release rates (Schrade et al., 282 
2010). However, the release rates of natural tracers (carbon dioxide, water vapour and 283 
heat) are calculated according to biophysical production models which are subjected to 284 
diverse random and/or systematic error sources. Among these tracers, the most widely 285 
used given its reliability is the carbon dioxide (CO2) balance.  286 
A prerequisite of this method is that CO2 concentration in barns can be distinguished 287 
with sufficient accuracy from background CO2 concentration in inlet air. In practice, 288 
this means a difference in CO2 concentration of at least 200 ppm between the inside and 289 
outside air (Van Ouwerkerk & Pedersen, 1994). A sensitivity analysis conducted by 290 
Blanes & Pedersen (2005) demonstrated that 150 ppm difference corresponds to about 291 
10% error of estimated ventilation rate. However, in many open buildings this 292 
conditions and the proper mixing of CO2 are not fulfilled. Thus methodological 293 
improvements are still necessary to evaluate smaller concentration differences together 294 
with incomplete mixing of CO2. Although there is a widely accepted methodology to 295 
perform these balances (CIGR, 2002) it is necessary to update the balance parameters in 296 
order to adapt to the changing animal genetics and management practices. To achieve 297 
these goals, many efforts can be found in the literature, providing heat and moisture 298 
relations for livestock and poultry species (Blanes & Pedersen, 2005; Chepete & Xin, 299 
2004; Chepete, Xin, Puma, & Gates, 2004; Brown-Brandl et al., 2004; Gates, Overhults, 300 
& Zhang, 1993; Li et al., 2005; Xin et al., 2009). 301 
Carbon dioxide balances are based on the estimation of animal heat production, which 302 
is normally determined in respiration chambers. However, the heat produced by animals 303 
is affected by a number of parameters such as feed intake, animal sex, growth and 304 
activity. The physiology and location variations of the animals during different 305 
operations (such as feeding and milking in ruminants) are also important factors to be 306 
considered in the CO2 production distribution. Although Zhang et al. (2010) estimated a 307 
10% uncertainty in heat production by animals, some authors have detected that the 308 
currently accepted heat production relations are underestimated in farm conditions 309 
(>20%) due to the continuously changing genetics with increased growth rates (Xin, et 310 
al., 2001; Calvet, Estellés, Cambra-López, Torres, & Van den Weghe, 2011). These 311 
potential changes must be revised and, if necessary, included in the heat production 312 
model. 313 
In CO2 balances, two more aspects are crucial for controlling biased emission results. 314 
The first one is the relationship between animal heat and CO2 production and the 315 
diurnal variation of animal heat production. This depends on the species, body mass and 316 
feeding level. This parameter varies between 0.16 and 0.21 m
3
/h per heat production 317 
unit (hpu) (Table 3), and is directly affected by the respiratory quotient (Pedersen et al., 318 
2008).The standard uncertainty of this parameter is typically 10%, but there is also 20% 319 
standard uncertainty in determining the diurnal variation of CO2 per hpu (Zhang et al., 320 
2010). The second aspect is the contribution of manure to total CO2 production. This 321 
contribution has been quantified by several authors and no uniform results have been 322 
found, likely because it varies with manure handling systems, stocking density, weather, 323 
and other uncontrolled factors. Pedersen et al. (2008) proposed a correction factor of 324 
+10% in houses where the manure is not stored for more than 3 weeks. However, in 325 
many situations manure is stored indoors over a longer time period, resulting in higher 326 
CO2 contribution from the manure. In broilers, a 20% contribution was identified at the 327 
end of a 35-day cycle (Calvet et al., 2011), whereas Ni, Vinckier, Hendriks and 328 
Coenegrachts (1999) found as much as a 35% contribution from manure in pig 329 
production facilities. The proportion of CO2 produced by manure can even reach an 330 
amount comparable to animal respiration in deep-litter systems (Jeppsson, 2000).  331 
Alternative techniques to determine ventilation flows such as computational fluid 332 
dynamic (CFD) models (Bartzanas, Kittas, Sapounas, & Nikita-Martzopoulou, 2007; 333 
Blanes-Vidal, Guijarro, Balasch, & Torres, 2007; Yan, Barker, Sun, Zhang, & Gates, 334 
2010), or the pressure difference method (Demmers et al., 2001) tend to be less accurate 335 
than tracers. For these methods there is very limited literature available and more 336 
investigations are required to quantify their uncertainty level. In general terms, the 337 
uncertainties associated with these techniques probably exceed 50% due to the great 338 
influence of aerodynamic parameters. Modelling using CFD, however, may be very 339 
useful to determine proper measurement locations if it is combined with proper field-340 
scale validation, which is very difficult to accomplish under farm conditions. 341 
3.5. Wind tunnels and flux chambers 342 
Flux chambers constitute a promising alternative method for determining gaseous 343 
emissions, particularly in those housing systems where mass balances and tracer 344 
techniques become unreliable (Ogink, Mosquera, Calvet and Zhang, 2012). Some 345 
authors have tested chambers to determine emission rates at a building scale (Van 346 
Dooren & Mosquera, 2010; Wheeler et al., 2010). These chambers enclose a small 347 
surface inside the farms and the emission from this surface is then evaluated. 348 
A critical drawback of the flux chamber method is that it is very difficult to reproduce 349 
inside the chamber the environmental conditions of the building, particularly air 350 
velocity over the emitting source (Hudson & Ayoko, 2009; Parker et al., 2010). 351 
Therefore, chambers may be used for comparison purposes, but particular care must be 352 
taken when comparing different studies. Short measuring intervals are necessary so as 353 
to not disturb the emission source (Van Dooren & Mosquera, 2010; Wheeler et al., 354 
2010). If no air movement is created, chambers tend to underestimate NH3 emissions 355 
(Van Dooren & Mosquera 2010; Wheeler et al., 2010), leading to unacceptable biases in 356 
the measured emission flow. However, it is a physical law that mass diffusion from an 357 
emitting surface is a function of air velocity, and so in chambers the selection of 358 
appropriate air velocity and chamber dimensions is problematic. Recent attempts have 359 
been made to standardize measurements (Parker et al., 2012). These authors obtained a 360 
correction factor based on water evaporative flux ratio that provided more accurate 361 
estimates than uncorrected flux measurements. They also recommend that all research 362 
results should include details on the chamber design and operating conditions during 363 
measurement.  364 
A second drawback of this technique is its practical use in real farm conditions, since it 365 
may affect the normal operation of the farm and may not be used over some kinds of 366 
surfaces (e.g. on slatted floors) (Ni, Vinckier, Coenegrachts & Hendriks, 1999). Finally, 367 
the emissions may vary among different surfaces inside the farm which must be 368 
accounted for. For all these reasons, a reference is always necessary to validate the use 369 
of chambers for measuring emissions. 370 
4. Current knowledge gaps and research needs 371 
Specific research on emissions uncertainty has focused on mechanically ventilated 372 
buildings (Gates et al., 2009; Calvet, Estellés et al., 2010). These studies have a double 373 
perspective: firstly, they aim to quantify the uncertainty of measured emissions; 374 
secondly, they also try to optimize measurement efforts for a desired quality of 375 
measurements. In mechanically ventilated buildings, and under very controlled 376 
circumstances, the emission standard uncertainty has been reported to be in the range 377 
from 5 to 10% (Calvet, Estellés et al., 2010; Gates et al., 2009). Sensitivity analysis has 378 
provided information on the contribution of different error sources (Figure 3). However, 379 
according to the authors’ experiences it seems realistic to accept that in many studies the 380 
uncertainty for short time basis building emissions lies within the range 10-20% or even 381 
greater. 382 
The emission uncertainty in naturally ventilated buildings is poorly characterized. With 383 
the current knowledge it is not possible to establish the typical uncertainties of different 384 
measurement strategies. However, considering the high uncertainties in ventilation rates 385 
(Van Buggenhout et al., 2009; Zhang et al., 2010), the authors doubt that less than 20% 386 
standard uncertainty can be achieved with any measurement system, and probably in 387 
many measurements it may be much more than 50%. Therefore, further efforts to 388 
characterize errors of these estimates and to improve measurement methods for 389 
naturally ventilated buildings are critically needed improve our emission inventory 390 
models and means of assessing mitigation technologies. 391 
In general terms, simplifications and assumptions made when designing protocols for 392 
measuring emissions may lead to optimization of costs, but their influence on 393 
measurement uncertainty must also be determined. An example of this kind of analysis 394 
was developed by Estellés, Calvet and Ogink (2010) and can be applicable for both 395 
mechanical and natural ventilation. Wet chemistry (NH3 trapping in a wet acidic 396 
solution) is commonly used in Europe to determine NH3 emissions, since it is a robust 397 
and precise method. However, this measurement system integrates the concentration 398 
measurement (typically over 24h), thus losing any information of temporal variation in 399 
concentration throughout the sampling period. As discussed by these authors, when 400 
measuring average 24-h gas concentrations an average daily ventilation rate can be used 401 
without affecting the emission uncertainty. This approach may also be useful when 402 
using natural tracers such as CO2 balances (Xin et al., 2008; Liang, Xin, Li, Gates, 403 
Wheeler, & Casey, 2006; Li et al, 2005), since the correction for animal activity, which 404 
follows a daily pattern, is not necessary (Pedersen et al., 2008). The study by Estellés, et 405 
al. (2010) utilized a database of approximately 7,000 measurement days of continuous 406 
measurements in different conditions (animal species and climatic conditions) in 407 
Denmark, The Netherlands and Spain. They concluded that this simplification leads to 408 
less than 2% systematic error (the emission rate was systematically overestimated), and 409 
approximately 3% additional random error. This sort of information is extremely 410 
valuable in practice: only if researchers have complete knowledge about uncertainties of 411 
different measurement alternatives, they will be able to effectively decide the most 412 
suitable option. 413 
As indicated previously, for mechanically ventilated buildings there are strategies to 414 
quantify the emission uncertainty and in general terms researchers tend to agree on the 415 
degree of confidence of measured emissions. However, specific research should be 416 
conducted towards optimizing measurement protocols under the constraint of 417 
maintaining an acceptable degree of confidence. In mechanical ventilation, it is 418 
suggested that further studies be developed and conducted to answer the following 419 
questions:  420 
 What range in uncertainty does each gas and particulate concentration 421 
measurement system exhibit under real farm conditions?  422 
 What is a realistic range in uncertainty for different means of determining 423 
ventilation flow rate?  424 
 What effect do assumptions and simplifications on the measured systems 425 
have on the degree of confidence in the measured results?  426 
 How can measurement strategies be optimized in terms of sufficient 427 
replicate measurements and adequate sampling of different temporal and 428 
spatial variation sources? 429 
Answering these questions would undoubtedly lead to more efficient and reliable 430 
measurements. In addition it is recommended that future research publications adopt a 431 
common strategy to analyse and report the emissions uncertainty. 432 
When compared with mechanical ventilation, the degree of uncertainty in naturally 433 
ventilated buildings is considerably higher, and in most cases unknown due to a lack of 434 
specific knowledge of the error sources. Therefore, there is an urgent need for improved 435 
methods of characterizing and quantifying error sources of measured emissions, 436 
particularly in buildings which are very open in structure.  437 
Clearly, the main indicator of this greater uncertainty arises from the inability to 438 
quantify errors in measured ventilation rate in naturally ventilated buildings. A first step 439 
in addressing this critical omission is to find a reliable, robust (and preferably simple) 440 
means of testing measured values of ventilation rate against a reference standard. 441 
However, while developing a reliable reference or standard system would be an 442 
effective way for assessing the uncertainty of the different measurement protocols used 443 
nowadays, it remains an elusive goal. Comparisons with a reference standard for natural 444 
ventilation measurement would provide essential information on random and systematic 445 
errors of the measurement techniques commonly used under real farm conditions (tracer 446 
balances, chambers and others). Some promising approaches might include: 447 
 Physical scale models with defined boundary conditions. 448 
 Computational models with defined boundary values and constraints. 449 
 Full scale barns with artificial NH3 sources and known release of NH3 to the air 450 
and artificial heat and CO2 producing virtual livestock. 451 
 Developing low-cost sensor networks for better determining gas concentration 452 
and airflow distribution patterns. 453 
4. Conclusions 454 
The main differences between emission measurements from naturally and mechanically 455 
ventilated buildings are the magnitude of random errors and the significance of bias. In 456 
mechanically ventilated buildings potential biases have been identified and can be 457 
avoided, whereas random error may be reduced to acceptable levels (i.e. 10-20%). 458 
However, in naturally ventilated buildings bias is difficult to identify and correct and 459 
random error is likely substantially greater than in mechanically ventilated buildings. 460 
Special care should be taken when establishing measurement protocols, in order to 461 
identify and avoid biases, and to reduce the most influencing error sources. Also, the 462 
inclusion of uncertainty when reporting emissions is necessary. In some types of 463 
naturally ventilated buildings, particularly in those which are very open in structure, 464 
reducing these errors will require the use of more precise equipment and sampling in a 465 
great number of locations. Comparison between different measurement methods can be 466 
useful to reduce errors, but in general terms a reference standard method is required to 467 
accurately assess and compare the emissions of naturally ventilated buildings. However, 468 
no reference standard method is currently available to validate the estimated emissions 469 
and their uncertainties in naturally ventilated buildings. To develop such a reference 470 
standard method, more efforts to understand the fundamental aspects of natural 471 
ventilation will be necessary. 472 
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700 
Table 1: Precision of techniques to measure ammonia concentration. Typical values are 701 
provided although precision may vary for different concentration ranges. 702 
Measurement technique Magnitude Reference 
Chemiluminiscence 2% - 5% Ni, Vinckier, Coenegrachts and Hendriks (1999) 
Passive flux samplers 5% - 10% Rabaud, James, Ashbaugh and Flocchini (2001); 
Roadman, Scudlark, Meisinger and Ullman (2003) 
Wet chemistry <5% 
Roadman et al. (2003) 
Photo acoustic 2.5% Hinz and Linke (1998) 
Electrochemical 8% Redwine, Lacey, Mucktar and Carey (2002) 
 703 
Table 2: Overview of ventilation rate measurement techniques for mechanically and naturally ventilated buildings. An estimation of the standard 704 
uncertainty typically corresponding to each technique is also included (adapted from Van Buggenhout et al., 2009). 705 
Measurement technique Type Magnitude Potential biases Reference 
Manufacturer curves Mechanical 20% Effects of shutters, dirtiness and ageing 
(up to 50% reduction) 
Casey et al. (2002, 2008); Simmons and Lott 
(1997) 
Measuring fans Mechanical < 5% - Berckmans et al. (1991); Demmers et al. 
(1999) 
FANS Mechanical 3% Fan disturbance 
Dirtiness and ageing 
Gates et al. (2004); Casey et al. (2007); 
Pedersen & Strom (1995). 
Hot wire anemometer Mechanical 10% Dirtiness and ageing Calvet, Cambra-López et al. (2010) 
Tracer gases Natural 10-15 Gas sampling location 
Identification of inlets and outlets 
Demmers et al. (2001) 
 
CO2 balance Natural 15-40 Gas sampling location 
CO2 produced by animals 
CO2 produced by litter 
Pedersen et al. (1998); Blanes and Pedersen 
(2005); Pedersen et al. (2008); Xin et al. 
(2001) 
Moisture balance Natural 5-40 Latent heat of animals and manure Pedersen et al. (1998); Blanes and Pedersen 
(2005) 
Heat balance Natural 30-100 Sensible heat of animals Pedersen et al. (1998); Blanes and Pedersen 
(2005) 
Hot wire anemometer Natural 25 Identification of inlets and outlets Krause and Janssen (1990); Scholtens and 
Van’t Ooster (1994) 
CFD calculations Natural 15-65 Model parameters Blanes-Vidal et al. (2007); Bartzanas et al. 
(2007) 
Pressure difference method Natural > 50% Model parameters (tend to overestimate) Demmers et al. (2001);  
Free impelling turbine Natural 5-25 Identification of inlets and outlets Van Ouwerkerk and Pedersen (1994); 
Vranken, Gevers, Aerts and Berckmans (2005) 
 706 
Table 3: Provisional values of CO2 production (m
3
 h
-1
 hpu
-1
) in different animal houses, 707 
at animal and house level (Pedersen et al., 2008) 708 
 Animal level House level* 
Cows   
Calves 0.155 0.170 
Dairy cows 0.180 0.200 
Pigs   
Weaners 0.170 0.185 
Growing pigs 0.185 0.200 
Sows 0.165 0.180 
Poultry   
Broilers < 0.5 kg 0.165 0.180 
Broilers > 0.5 kg 0.170 0.185 
Layers 0.165 0.180 
Sheep 0.160 0.175 
* Including CO2 production from manure, except for deep litter and 
indoor manure storage over a time period longer than 3 weeks 
709 
Figure 1. Uncertainty diagram when determining gas emissions from livestock 710 
buildings. Potential sources of random errors (precision) and systematic errors (bias) are 711 
also indicated 712 
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Figure 2. Uncertainty sources when determining gas emissions using the flux chamber 714 
method. 715 
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 717 
Figure 3. Combined standard uncertainty estimates for ER as a function of building 718 
ventilation rate (QT) and ventilation uncertainty (∆QT) expressed as % of QT. Note that 719 
each point along a curve represents one more fan with the same uncertainty being 720 
added. Case 1 uncertainties on inputs include 3% for calibration gas and 0.5% 721 
instrument standard uncertainty; whereas Case 2 uncertainties on inputs include 3% for 722 
calibration gas and 5% for instrument standard uncertainty. (Source: Gates et al., 2009). 723 
